Transposon-insertion mutants were prepared from virulent field isolates of Salmonella dublin and SalmoneMa typhimurium. Detailed restriction-enzyme mapping of the single sites of TnA insertion in two mutants (M51 and M173) of S. dublin that showed diminished virulence in a mouse assay indicated that these sites were about 5 kbp apart on the approximately 70 kbp plasmid harboured by the isolate. A TnIO-insertion mutant (M242) of S. typhimurium that showed diminished virulence was also identified. A single copy of TnlO was inserted into the approximately 90 kbp plasmid harboured by this isolate. Hybridization studies indicated that homology existed between the region encompassing the sites of TnA insertion in M5 1 and M173 and that encompassing the site of TnlO insertion in M242. Restriction mapping indicated that the two regions were very similar and could even be identical and, if so, the TnlO insertion in M242 could be mapped to a point 1.5 kbp from the TnA insertion in M51 and 6.5 kbp from that in M 173. It appeared that the maximal extent of the putative similarityfidentity was between 13 and 23 kbp. It is proposed that this stretch of high homology could represent a virulence sequence that has been conserved during the evolutionary divergence of the two Salmonella serotypes.
INTRODUCTION
Plasmids play a part in the virulence of a number of pathogenic bacteria. For example, plasmids carry genes encoding toxin production, iron sequestration, adhesiveness and serum resistance (Levy et al., 1981) .
In the last few years it has been shown by experiments involving curing or conjugational transfer that plasmids play an important role in mediating the virulence of enteroinvasive bacteria such as Shigella and Salmonella. Thus, Sansonetti et al. (1981, 1982) showed that the presence of a 185 or a 21 5 kbp plasmid is necessary to enable Shigella sonnei or Shigellaflexneri, respectively, to produce keratoconjunctivitis in the guinea-pig. Similarly, Jones et al. (1 982) found that the ability of virulent Salmonella typhimurium strains to adhere to and invade HeLa cells, and to kill mice following oral administration, depends on the presence of a 92 kbp plasmid. Terakado et al. (1983) reported that loss of a 75 kbp plasmid present in numerous virulent Salmonella dublin isolates leads to diminished ability to kill mice following peritoneal inoculation.
Relatively little is known about the nature of the plasmid genes that are involved in virulence expression in these enteroinvasive bacteria, or about the proteins that these genes encode. However, Hale et al. (1983) have been able to associate loss of virulence in Shigellaflexneri with a large deletion of unspecified size in the 215 kbp plasmid, and consequent failure to synthesize seven plasmid-encoded outer-membrane polypeptides in minicell experiments.
The present study describes the isolation of two transposon-insertion mutants of Salmonella dublin and one of Salmonella typhimurium that show diminished virulence in a mouse assay. 5 V cm-' . The electroeluted DNA was then extracted with phenol/chloroform, precipitated with ethanol and finally dissolved in 10 mM-Tris, 1 mM-EDTA, pH 8.0. Following incubation of the vector with alkaline phosphatase, appropriate vector and plasmid fragments were mixed and incubated in the presence of ligation buffer and T4 DNA ligase at 4 "C for 18 h (Maniatis et al., 1982) . The ligated DNA was extracted with phenol/chloroform and ethanol-precipitated. Finally, the DNA, dissolved in 10 mM-Tris, 1 mM-EDTA, pH 8-0, was transformed into E. coli HBlOl (Maniatis et al., 1982) . Identity of clones was confirmed by restriction digestion and hybridization.
RESULTS

Mutants exhibiting diminished viru fence
Three mutants were identified that exhibited diminished virulence. Of these, two, designated M51 and M173, were TnA-insertion mutants of S . dubfin 2229, while the other, designated M242, was a TnlO-insertion mutant of S . typhimurium 1275. Table 2 records the results obtained in separate virulence assays with these three mutants. The assays indicated that the virulence of M51 and M173 was some 104-105-fold less than that of the parent S. dublin 2229, i.e. that lo4-lo5 times as many c.f,u. of either mutant were required to achieve the same lethality as a given 
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inoculum of 2229. The virulence of M242 was some 102-103-fold less than that of the parent S. typhimurium 1275. Assaysof the virulence of M51, M173 and M242 were repeated on at least two further occasions, using a similar experimental design. These repeat assays gave similar results (not shown) to those recorded in Table 2 .
General properties of mutants M.51, M173 and M242 No differences were observed between the mutants and their respective parents in colony morphology, qualitative agglutination reactions, biochemical properties or resistance to rabbit serum (Taylor et al., '1972) . The in vitro growth rates of S . dublin M51 and M173 in L broth at 37 "C were the same as that of the parent wild-type. By contrast, the in uitro growth rate of S . typhimurium M242, as with other, virulent, TnIO-insertion mutants, was up to 50% less than that of the parent.
Plasm id con tent
Electrophoretic analysis, using plasmids of known size as markers (not shown), indicated that S . dublin 2229 harboured one plasmid species of 69 kbp, while S . typhimurium harboured at least two species, one of 88 kbp and the other of about 3 kbp. The single plasmid species present in S . dublin 2229 and the larger species present in S . typhimurium 1275 were of similar size to those plasmids which have previously been implicated in the virulence of these serotypes (Jones et al., Terakado et al., 1983) . Electrophoretic analysis also gave values of 71 and 75 kbp for the plasmids present in S. dublin M51 and M173, respectively, and of 96 kbp for the larger plasmid present in S. typhimurium M242. These mutant plasmids were, therefore, larger than the corresponding wild-type plasmids, indicating that transposon insertion into the plasmids had probably occurred in all three mutants.
S . typhimurium M242 was cured of its 96 kbp plasmid, containing Tn10, by selecting for tetracycline sensitivity (Bochner et al., 1980) . The virulence of the cured derivative was about 102-fold less than that of M242, i.e. 104-105-fold less than that of 1275 (data not shown).
Mapping of transposon location S . dublin M.51 and M173:. Reitriction digest experiments with enzymes for which there is no recognition site in TnA'(EcoR1, HindIII, S a d , SalI, XhoI) indicated that both M51 and M173 contained a single TnA insertion in the 70 kbp plasmid, and that the sites of insertion in the two mutants were not more than 10 kbp apart. In M51, TnA insertion had taken place with the deletion of some 2-3 kbp of DNA (Fig. la the TnA copies in M51 and M173 were located 5 kbp apart and were inserted in opposite orientations (Fig. 16) . It was also possible to map the position of a neighbouring TnA insertion found in a third mutant, designated M 1 14, that retained full virulence in the mouse assay. This latter insertion was about 4 kbp from that in Ml73, on the opposite side from that in M51 (Fig.  1 b) .
S. typhimurium M242. Restriction digest experiments with enzymes for which there is no restriction site in TnlO ( S a d , SalI, XhoI) indicated that in M242 a single copy of TnlO was inserted into the 90 kbp plasmid present in 1275. Mapping with these enzymes, and with others that cut Tn 10 asymmetrically (EcoRI, HindIII), permitted the construction of the restriction map illustrated in Fig. 2. Apparent similarity of transposon insertion sites. Restriction digest profiles of the 70 and 90 kbp plasmids of S. dublin 2229 and S. typhimurium 1275, respectively, were clearly different for any given restriction enzyme. However, the restriction maps for the regions of transposon insertion in S . dublin M51 and M173, on the one hand (Fig. 1 b) , and in S . typhimurium M242 on the other Fig. 1 (b) . The zig-zag lines indicate the probable maximum limits of interserotype homology (see also text).
G . D . B A I R D , E. J . M A N N I N G A N D P . W . JONES
TnlO in M242
+3
( Fig. 2) , were markedly similar. In fact, the distribution of sites in the XhoI/SalI fragments containing the transposon insertions in M51 and M242 appeared to be identical, suggesting that these fragments must at least share substantial homology. The existence of homology in the regions of transposon insertion in the two plasmids had been confirmed at an early stage of the work when it had been observed that the SalI fragment encompassing the sites of TnA insertion in S . dublin M51 and M173 hybridized to the SalI, XhoI and PstI fragments of the S. typhimurium M242 plasmid that contained the TnlO insertion (Fig.  3a, b) . Subsequently, it was found that the similar XhoI/SalI fragments from the two serotypes hybridized strongly. More detailed studies indicated that the homology extended leftwards beyond the left-hand Sac1 site of the S . dublin 2229 plasmid (Fig. 16 ) but ceased before the SalI site was reached. The probable maximum limits of the inter-serotype homology in this region of the 1275 plasmid are indicated in Fig. 2 . Whereas the left-hand limit must be approximately correct, the right-hand limit merely indicates the end of known similarity in restriction-site distribution.
Possible presence of chromosomal transposon insertions
The theoretical possibility existed that further transposon copies could have been inserted into the chromosomal DNA of the three mutants. To investigate this possibility, autoradiograph bands that appeared when a clone containing the relevant transposon was hybridized to restriction digests of mutant total DNA were compared with those appearing when the clone was hybridized to parallel digests of plasmid DNA from the same strain. For all three mutants, the autoradiograph bands produced by hybridization of the appropriate clone to total DNA corresponded to those produced when the clone was hybridized to plasmid DNA. It could therefore be concluded that, in the case of each mutant, the clones were hybridizing to plasmid DNA contained within the total DNA, but were failing to hybridize to chromosomal DNA. Evidently, none of the three mutants contained a copy of the inserted transposon in its chromosomal DNA.
DISCUSSION
Transposon insertion interrupts the continuity of a given DNA sequence and may therefore be expected to impair or abolish its genetic function. The fact that the single transposon insertions in the three mutants that exhibited diminished virulence were all into the large plasmids harboured by S. dublin and S . typhimurium indicates that these plasmids play an important role in virulence expression. In permitting this conclusion, the present work corroborates the previous findings of other workers, made on the basis of curing and conjugation experiments (Jones et al., 1982; Terakado et al., 1983) .
It was of interest that a single transposon insertion was sufficient to cause such a large decrease in virulence in S . dublin M51 and M173. In each of these mutants, the insertion must have destroyed the whole of the contribution of the plasmid to virulence (as assayed in the Fig. 3(a) Comparison of restriction digest profiles of plasmid fractions obtained from S.
typhimurium 1275 and TnZ0-insertion mutant M242.
Contents of gel tracks
reading from the left: (I), (3), (9, (7), (9) and (1 l), S . animal model used in this study), since curing M173 of its plasmid failed to diminish virulence any further (E. J. Manning, G. D. Baird & P. Jones, unpublished) . This was not the case with S . typhimurium M242, since curing this strain of the larger plasmid did lead to a further decrease in virulence (see above). The cured derivatives of S. dublin 2229 and S. typhimurium 1275, and also M51 and M173, were still able to kill mice if administered in sufficient quantity. This residual virulence must have been chromosomally encoded.
The fact that the transposon insertions in S . dublin M51 and M173 were only 5 kbp apart suggests that the insertions could have taken place into a discrete sequence that encoded the virulence factors. This possibility is supported by further observations. Firstly, while the region encompassing the sites of TnA insertion in S . dublin M51 and M173 appeared, on the basis of restriction sites, to be very similar to the region into which TnlO is inserted in S. typhimurium M242, flanking sequences to the left and right of this region were clearly dissimilar. The virulence-impairing insertions in the two serotypes appear, therefore, to have been into what may be closely related sequences of limited length. Secondly, while the TnA insertion in S. dublin M114 was only 4 kbp distant from that in M173, it was on the edge of the region of putative identity, and also failed to diminish virulence. The possibility therefore exists that the regions of apparent homology represent a virulence-encoding sequence that has been preserved during the evolutionary divergence of the two serotypes.
The finding of homology between sequences of S . dublin and S . typhimurium plasmids is in accord with the recent work of Popoff et al. (1984) , who observed homology between these plasmids and also those of other Sa1mone"a serotypes. Hale et at. (1983) earlier observed homology in the large (1 85-21 5 kbp) plasmids present in Shigella Bexneri, Shigella sonnei and enteroinvasive Escherichia coli. These latter authors also provided evidence for the existence of a discrete virulence-encoding region in the S . jexneri plasmid, since a mutant carrying a deletion of unspecified size in this plasmid was avirulent.
There are at least three possible explanations for the fact that transposon insertions that were 5 kbp apart in the S . dublin plasmid should both apparently destroy the total virulence capacity of the plasmid. These are (i) that several plasmid genes play an equally indispensable role in virulence expression, (ii) that at least one of the transposons was inserted into a regulatory sequence, and (iii) that at least one of the transponsons was exerting polarity effects on distant sequences. Genetic and sequencing analyses will be required to resolve this question. It is only possible to speculate at this stage on reasons why the TnlO insertion in S . typhimurium M242 did not reduce virulence further. One possibility is that this was due to the relative importance of interrupted sequences for virulence expression. Another is that the S . typhimuriurn plasmid could contain further virulence genes, located elsewhere, that are not possessed by the S . dublin plasmid.
The finding that only one transposon copy was inserted into each mutant was not unexpected, in the case of M242, at least. The transposition frequency of TnlO from a phage suicide vector is about 2 x (Foster et al., 1981) , and this normally ensures that only one copy of this transposon is present in each mutant clone (Davis et al., 1980) . The frequency of transposition of TnA is higher, i.e. about 1 x per MDal of recipient plasmid or chromosomal DNA, respectively (Kretschmer & Cohen, 1977) and the possibility of multiple transposon insertions in a given mutant might, therefore, be correspondingly greater. Nevertheless, this would be unlikely to result in multiple insertions into the same replicon, owing to immunity effects (Robinson et al., 1977) .
It might have been expected that some mutants showing diminished virulence would have been found that had chromosomal transposon insertions. Thus, it is known that mutations in certain chromosomal metabolic loci, e.g. those in the galE locus (Germanier & Fiirer, 1975) and in the aroA locus (Hoiseth & Stocker, 198 1) result in loss of virulence in Salmonella. That no such insertions were found in the present study may simply have been due to the relatively small numbers of mutants screened. 
